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Abstract 
A PEM fuel cell stack is usually integrated with a reformer into a stationary fuel cell power system. 
Reformate may cause a phenomenon of voltage vibration in some cells of a stack, and these cells are 
usually close to end plates. In this work, we studied the instability phenomenon within a 10-cell stack. 
The instability was observed by monitoring the voltage variation of each cell at high currents. From the 
test of the assembly pressure distribution, it was found that the pressure distribution of cells close to the 
end plates was more uneven than others. The scanning electron microscopy (SEM) was used to observe 
the microstructure of gas diffusion layers within these cells. These scanning electron microscopy images 
showed that the gas diffusion layers close to end plates suffered more fibers damage, i.e. disabling the 
hydrophobic structure. The contact angle test results supported this concept as well. In this study, we 
interpreted that the instability was caused by flooding. If a stack clamping apparatus, providing uniform 
compression, was used to clamp the stack during testing, the performance of each cell remained stable 
even in harsh operational conditions. In this paper, it is considered that the pressure distribution of gas 
diffusion layers is intensely related with water removal ability as reformate is fuel for a proton exchange 
membrane fuel cell stack. 
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1. Introduction 
The Industrial Revolution brought great convenience and technology into the world. From the 21st 
century, rising oil prices and global warming have brought problems of human life. Such problems were 
caused by oil overuse and excess carbon dioxide emission. Many kinds of renewable or clean energy 
attract more attention than before in recent decades. Fuel cell is an emerging clean energy technology, and 
its emission includes only water and heat. The energy efficiency of this technology is about 30 to 40%. If 
a fuel cell is combined with a heat engine to reuse the exit gases and cooling fluids, like molten carbonate 
fuel cell (MCFC) and solid oxide fuel cell (SOFC), the total efficiency of the combined heat and power 
(CHP) systems can be more than 80%. Fuel cell is no doubt a promising technology in the future, but the 
high cost is one of the most important issues to deal with before generalization. 
There were many researchers trying to combine reformer with fuel cell system. A reformer could 
transform carbonaceous fuel, such as methanol, natural gas, liquefied petroleum gas (LPG), kerosene, coal 
gas, etc., into hydrogen-rich syngas for proton exchange membrane (PEM) fuel cell stacks. In our research, 
we assembled a 10-cell stack and fed syngas into the anode side. An air-bleeding method is applied to the 
stack to eliminate the poison effect of carbon monoxide to catalyst [1-3]. In our air-bleeding method, the 
air flow rate in the anode was 1%~1.5% of the syngas. 
From the practical operation, it was found that a severe voltage vibration may appear in some cells of a 
stack at high operational currents. The voltage vibration phenomenon was possibly caused by an uneven 
pressure distribution from end plates. According to previous literatures [4-5], the performance of fuel cell 
was significantly affected by clamping pressure distribution. The pressure distribution of a cell is more 
uneven while it is close to the end plate in a stack, and the third one from each end plate becomes even 
enough [6]. Some researchers have found that the compression zone of the gas diffusion layer was much 
easier to drain water [7]. This research focused on studying the relation between cell performance and the 
pressure distribution of each cell within a stack. The clamping pressure of each cell is measured by 
pressure sensors. A clamping apparatus was designed to clamp our stack to assure even pressure 
distribution of each cell in testing. The diagnostic method of SEM images was utilized to clarify the 
reason causing cell voltage vibration in this study. 
2. Experimental 
2.1. Stack assembly 
The 10-cell stack tested in this paper is air-cooled. Fig. 1(a) shows the appearance of the stack set on a 
box with a cooling fan. The membrane electrode assembly (MEA) used in the stack was provided by 
Gore. A commercial gas diffusion layer (GDL), SGL SIGRACET 34BC carbon paper (made by SGL 
Carbon Group), was used in this research. The bipolar plate was made by graphite from Poco Graphite 
Inc.. The end plates were made by aluminum, and the current collectors were made by copper and coated 
with gold. 
2.2. Instruments 
The reformate (H2:60 %, CO2:25 %, CO:10 ppm, N2 bal.) for anode was mixed by a gas mixer with 
four mass flow controllers (MFC). The accuracy of the MFCs was ±1.5 % F.S., and the mixing gas 
concentration was also checked by NGA 2000 (Emerson) which is an on-line gas analyzer. The air for 
cathode was supplied by an air compressor. The flow rates were set manually according to the measured 
current for a stoichiometry of 1.5 for the anode and 2.5 for the cathode. The gases fed into stack were 
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humidified by bubbling type humidifiers. The voltage of each cell was monitored to observe the voltage 
vibration phenomenon. A 1 kW fuel cell test system made by Tension Energy Inc. was used to control the 
humidifier temperature and the air flow rate. 
 
             
(a)                                                                            (b)  
Fig. 1. Instruments appearance, (a) 10-cell stack with cooling fan; (b) stack clamping apparatus 
2.3. Analyses for the causes of the voltage vibration phenomenon 
Several ways had been tried to find out the reason causing the voltage instability. These ways will be 
introduced in this section. In this paper, we only discussed the cells which were concerned or cells where 
the voltage instability occurred at high constant currents. The voltages of other cells in this stack were not 
discussed in this paper because of their stable performance. 
2.3.1. Clamping torque of each bolt 
In order to estimate the effect of the clamping pressure on the voltage stability of each cell, the 
performance tests at compressing torques of 40, 60, 80, and 100 kgf-cm for each bolt were carried out, 
respectively. The clamping sequence and feeding rate were followed by USFCC clamping criteria. The 
voltage of each cell was monitored to observe the variation at different clamping torques at high constant 
current (60A). The dew point temperature of anode and cathode were both 50ºC in the test of effects of 
the clamping torque. 
2.3.2. Dew point temperature of anode and cathode 
In order to magnify the vibration amplitude, the dew point temperature of the anode and cathode were 
separately increased from 50ºC to 70ºC. In each situation, voltage of each cell was also monitored at high 
currents. In the test of effects of dew point temperatures, the controlled parameters include the dew point 
temperature of the anode, and the cathode, and the stack temperature. 
2.3.3. Location of cooling fan 
There were two fan positions in the test of effects of the fan position. The location of the cooling fan 
was near the first cell of the stack in the first part, and the voltage vibration occurred at the first cell. We 
had verified that the temperature of the first cell was lower than others by about 1~2°C because the first 
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cell was the closest one to the fan. Therefore, the fan was shifted to the opposite side near the 10th cell in 
the second part to see if the voltage vibration was related to the fan’s position. 
2.3.4. Stack clamping apparatus 
According to analysis results reported by Suvi et al. [6], the pressure distribution of the cells close to 
end plates was uneven. It might be a reason of the voltage oscillation when syngas was fed into a stack. 
To maintain even pressure distribution of each cell in the 10-cell stack, a stack clamping apparatus was 
designed and used to clamp the stack during performance tests. Fig. 1(b) shows the clamp part of this 
apparatus. At different stack temperatures, stack performance with and without clamping apparatus were 
compared in section 3.4. 
2.4. Verification measurements 
In order to verify the relationship between the pressure distribution and the voltage vibration 
phenomenon, several methods were used to support our supposition. These methods include the pressure 
distribution measurement, SEM images and the contact angle measurement. 
3. Results and discussion 
3.1. Effects of the clamping torque on the stack performance 
During tests in this section, the clamping torque was 40 kgf-cm for each bolt at the beginning. The 
syngas was used as the anodic fuel in the 10-cell stack. The dew point temperature of the anode and the 
cathode were both set at 50°C. The voltage variation of each cell was recorded at the limit current (70A). 
Fig. 2 shows the voltage variations of cell # 1, cell # 5, cell # 10 where the voltage vibration are ever 
observed. Obviously, a small voltage vibration appears in the 1st and 10th cell within 20 minutes, and 
other cells’ voltages (ex. the 5th cell shown in fig. 2) remain stable. Such kind of voltage vibration reveals 
that the performance of the stack cannot remain stable, and it may not be suitable for long-term operation 
at high currents. When the clamping torque was increased to 60 kgf-cm/bolt, the limit current could be 
increased to 80A under the same stoichiometry ratio and humidity. The voltage vibrations of the three 
aforementioned cells are shown in fig. 3. These diagrams obviously reveals that the voltage of the 1st cell 
starts to vibrate seriously from the early few minutes. The voltages of the 5th and 10th cell decay rapidly in 
this test, and so do other cells. When the clamping torque was further increased to 80 kgf-cm/bolt, the 
voltage of each cell remains stable, as shown in fig. 4. Although a small voltage vibration appeared in the 
1st cell, the instability was within an acceptable range. At last, the clamping torque was increased to 100 
kgf-cm/bolt. The voltage variations were plotted in fig. 5. The limit current can only be increased to 70A. 
From fig. 5(a) and (b), the voltages of the 1st and 5th cells oscillate at the beginning of the experiment. It is 
inferred that the reason causing voltage vibration phenomenon is the bad gas permeability caused by 
over-pressing GDLs or the damage of hydrophobic structure in GDLs at high clamping torques. The 
verification of the inference above is discussed in later sections. From the results obtained in this section, 
increasing the clamping torque increases the stack power and stability below 80 kgf-cm for each bolt. 
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Fig. 2. Voltage variations of cells in 40 kgf-cm/bolt clamping torque at 70A, (a) 1st cell; (b) 5th cell; (c) 10th cell 
     
Fig. 3. Voltage variations of cells in 60 kgf-cm/bolt clamping torque at 80A, (a) 1st cell; (b) 5th cell; (c) 10th cell 
     
Fig. 4. Voltage variations of cells in 80 kgf-cm/bolt clamping torque at 80A, (a) 1st cell; (b) 5th cell; (c) 10th cell 
     
Fig. 5. Voltage variations of cells in 100 kgf-cm/bolt clamping torque at 70A, (a) 1st cell; (b) 5th cell; (c) 10th cell 
3.2. Effects of the dew point temperature on the stack performance 
In the first part of test in this section, the dew point temperatures of anode and cathode were set at 
70°C and 50°C respectively. Fig. 6 shows the voltage variation at high current (60A) while the stack 
temperature maintains at 55°C. A serious voltage vibration in the 1st cell appears, but the voltage of the 5th 
cell remains stable until the end of the test. If the stack temperature is further increased to 60°C, voltage 
of the 1st cell changes from a serious voltage vibration to a stable state in 20 minutes as shown in fig. 7.  
In the second part of test in this section, the dew point temperatures of anode and cathode were set at 
50°C and 70°C respectively. On the other hand, the stack temperature was maintained at 55°C. The 
voltage variation diagrams of each cell were shown in fig. 8.  Obviously, the voltages remain stable. From 
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fig. 6-8, increasing the anodic humidity significantly affects stack performance stability, but increasing 
the humidity of cathode does not. It is also evident that increasing the stack temperature eliminates the 
voltage vibration phenomenon as shown in fig. 7(a). From the results, we infer that the voltage vibration 
phenomenon is caused by water condensation in the anode of the 1st cell while the stack temperature 
decreases. 
 
      
Fig. 6. Voltage variation of cells, dew point temperature: anode/cathode=70/50°C, stack temperature=55°C, (a) 1st cell; (b) 5th cell 
            
Fig. 7. Voltage variation of cells, dew point temperature: anode/cathode=70/50°C, stack temperature=60°C, (a) 1st cell; (b) 5th cell 
       
Fig. 8. Voltage variation of cells, dew point temperature: anode/cathode=50/70°C, stack temperature=55°C, (a) 1st cell; (b) 5th cell 
3.3. Effects of the cooling fan location on the stack performance 
In this section, the dew point temperatures of anode and cathode were set at 65°C and 50°C 
respectively to amplify the voltage vibration phenomenon. In the first part of tests in this section, the 
cooling fan was located near the  1st cell.,  When the stack temperature was maintained at 63°C, the 
voltage variation diagrams of each cell at 60A were shown in fig. 9. In fig. 9(a) and (b), the voltages of 
cells remain stable and no obvious vibration occurs in one hour. When the stack temperature decreased to 
58°C, the voltage variations were monitored. In fig. 10, the serious oscillation appears in the 1st cell only. 
It is inferred that the 1st cell is closest to the cooling fan, and therefore the temperature of this cell is the 
lowest one in the stack. With the temperature difference of more than 7°C between anode dew point 
temperature and stack temperature, the steam in the anode side of the 1st cell tends to condense and leads 
to a flooding phenomenon. To further verify the effect of the fan location, the location of cooling fan was 
moved to the opposite side, i.e., near the 10th cell. Fig. 11 shows the voltage variation diagrams while the 
stack temperature is maintained at 63°C. The voltages of the 1st and 10th cell remain stable at 60A. While 
the stack temperature was decreased to 58°C, the voltage variation diagrams were shown in fig. 12. The 
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voltage vibration phenomenon still appears in the 1st cell, but the amplitude is smaller than that in fig. 
10(a). It is inferred that the location of cooling fan affects the performance stability of the 1st cell. 
 
         
Fig. 9. Voltage variation of cells, cooling fan located near 1st cell, stack temperature=63°C, (a) 1st cell; (b) 10th cell 
         
Fig. 10 Voltage variation of cells, cooling fan located near 1st cell, stack temperature=58°C, (a) 1st cell; (b) 10th cell 
           
Fig. 11 Voltage variation of cell, cooling fan located near 10th cell, stack temperature=63°C, (a) 1st cell; (b) 10th cell 
        
Fig. 12 Voltage variation of cells, cooling fan located near 10th cell, stack temperature=58°C, (a) 1st cell; (b) 10th cell 
3.4. Effects of clamping apparatus assisted method on stack performance 
The researchers inferred that the other reason for voltage vibration phenomenon of the 1st cell was 
caused by uneven pressure distribution from end plate effect [6]. We designed a stack clamping apparatus 
and tried to find out the reason causing performance instability in next section. The stack clamping 
apparatus was used to clamp the 10-cell stack when the stack was tested. Even pressure distribution could 
be assured and the pressure was controlled to avoid over-pressing. In this section, the reformate gas was 
used as the anodic gas, and the dew point temperatures of anode and cathode were 70°C and 50°C, 
respectively. The stack temperature was maintained at 55°C and the stack was 60A. The voltage variation 
 Kuan-Jen Huang et al. /  Energy Procedia  29 ( 2012 )  234 – 243 241
diagrams were shown in fig. 13. From fig. 13, we can see that the performance is very stable even at a 
low stack temperature (55°C). Bazylak et al. [7] concluded that the areas where the GDL was 
compressed, like rib region, became preferential pathways for liquid water removal. This conclusion had 
also been used to interpret the relationship between the end plate effect and voltage vibration 
phenomenon in this paper. In this research, it is inferred that the occurrence of voltage vibration in the 1st 
cell of the stack results from uneven pressure distribution. The central part of the 1st cell sustains less 
pressure so the water accumulates in this region. If the stack temperature decreases, these accumulated 
water results in flooding which is the reason for voltage vibration phenomenon. The pressure distribution 
measurement of the 1st cell will be discussed in next section to verify our interpretation. 
 
      
Fig. 13 Voltage variation of cells with clamping apparatus in 55°C stack temperature, (a) 1st cell; (b) 5th cell 
3.5. Verification measurements 
For confirmation of previous inference on the relation between end plate effect and voltage vibration 
phenomenon, four pressure sensors were sandwiched between GDLs and bipolar plates to measure the 
pressure distribution of the 1st, 2nd and 3rd cell, separately, at the clamping torque of 80 kgf-cm/bolt. The 
sensor locations in each cell are shown in fig. 14(a). The pressure distribution of the three cells is shown 
in fig. 14(b). It is apparent that the 1st cell sustains the most uneven pressure distribution caused by end 
plate effect, and the pressures of location 2 and 3 in the 1st cell are higher than those in other two cells by 
1 kg/cm2. These localized over-pressing may cause serious damage to GDL structure. Fig. 15 shows the 
SEM images of GDLs on anode side, and the graphite fibers were blocked by polytetrafluoroethylene 
(PTFE) thin film which dominates the water removal ability [8]. As seen in fig. 15(b) and (c), the corner 
region of the 1st cell suffers more PTFE structural damage than the center region. It is also proved by 
contact angle measurements of these regions. The contact angle in the corner region of the 1st cell is 
smaller than that in the center region of the 1st cell. The average contact angles of fresh GDL, corner 
region and center region of the 1st cell GDL are 137.8° (5 points), 128° (5 points) and 133.3° (5 points) in 
average, respectively. Thus, it is concluded that the hydrophobic structure of GDL in the 1st cell is 
destroyed slightly due to the end plate effect. In addition, the structure damage in the corner region is 
more significant than that in the center region. 
For a summarization, our experiments show that the voltage vibration phenomenon appears while the 
clamping pressure of the cell is too low. Consequently, the water of humidified reformate may tend to 
accumulate in the insufficient pressure region and resulted in flooding when stack temperature is below 
60°C. Some AC impedance measurements of each cell in this stack are in progress and will be discussed 
as future study. We infer that the compression uniformity of GDLs is one of the reasons causing cell 
voltage vibration. If the GDL could be compressed evenly and tightly enough, the performance and 
stability of a fuel cell stack would be improved. This inference is also verified by the pressure distribution 
measurement, SEM images and the contact angle measurement. A stack clamping apparatus or an end 
plate which can provide a even pressure distribution is suggested to apply to a PEMFC stack fed by 
reformate in long-term operation.  
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Fig. 14 (a) Sensor locations in each cell; (b) pressure distribution of the three cells close to end plate 
     
Fig. 15 SEM images of GDLs in anode side, (a) original; (b) corner region of 1st cell; (c) center region of 1st cell 
4. Conclusions 
In this research, we focused on investigating the cell voltage vibration phenomenon of a 10-cell PEM 
fuel cell using reformate gas as the anodic fuel. From experimental results, increasing the clamping torque 
of each bolt on a stack increases the maximum power output and stabilizes the performance. However, if 
the clamping torque is higher than an optimal value, 80 kgf-cm/blot for the 10-cell stack, the GDLs is 
over-pressed and the gas transportation becomes worse. The maximum power output of a stack also 
decreases while the clamping torque is higher than the optimal value. By increasing the dew point 
temperature of anode and cathode separately, it is found that the anode gas humidity dominates the stack 
performance stability. If the stack temperature is lower than the anode dew point temperature by more 
than 10°C, water starts to condense and flooding, which may be the reason causing voltage vibration 
phenomenon, occurs. The stack performance returns to a stable state after water is vaporized by 
increasing the stack temperature. It has been proved that the temperature effect is not the only reason 
causing voltage oscillation. No matter where the location of cooling fan is, the voltage oscillation problem 
still exists in the 1st cell of the stack. Using a stack clamping apparatus to assembly the stack can improve 
the pressure distribution for each cell significantly. Even though the stack temperature is lower than the 
anode dew point temperature by 15°C, the performance of each cell is very stable. It is inferred that the 
voltage vibration phenomenon is related to the pressure distribution of the cell. If some regions in a cell 
are over-pressed, the PTFE structure in the GDL will be destroyed and its water removal ability will 
reduce. This conclusion is also supported by the pressure distribution measurement, SEM images and the 
contact angle measurement. An even pressure distribution is needed for a PEM fuel cell stack using 
reformate as anode fuel to prevent voltage vibration phenomenon. A stack clamping apparatus or well-
designed end plate is suggested to apply to the integrated system of a reformer and a PEM fuel cell stack. 
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